Japanese encephalitis virus (JEV) is a mosquito-borne flavivirus and one of the most common agents of viral encephalitis. The infectious entry process of JEV into host cells remains largely unknown. Here, we present a systemic study concerning the cellular entry mechanism of JEV to B104 rat neuroblastoma cells. It was observed that JEV internalization was inhibited by chloroquine and ammonium chloride, both of which can elevate the pH of acidic organelles. However, JEV entry was not affected by chlorpromazine, overexpression of a dominant-negative form of EPS 15 protein, or silencing of the clathrin heavy chain by small interfering RNA (siRNA). These results suggested that JEV entry depended on the acidic intracellular pH but was independent of clathrin. We found that endocytosis of JEV was dependent on membrane cholesterol and was inhibited by inactivation of caveolin-1 with siRNA or dominant-negative mutants. It was also shown, by using the inhibitor dynasore, the K44A mutant, and specific siRNA, that dynamin was required for JEV entry. Phagocytosis or macropinocytosis did not play a role in JEV internalization. In addition, we showed that JEV entry into the neuroblastoma cells is not virus strain specific by assessing the effect of the pharmacological inhibitors on the internalization of JEV belonging to different genotypes. Taken together, our results demonstrate that JEV enters B104 cells through a dynamin-dependent caveola-mediated uptake with a pH-dependent step, which is distinct from the clathrin-mediated endocytosis used by most flaviviruses.
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J apanese encephalitis virus (JEV) is a mosquito-transmitted, enveloped virus belonging to the genus Flavivirus within the family Flaviviridae, which also includes dengue virus (DENV), West
Nile virus (WNV), yellow fever virus, and tick-borne encephalitis virus (26) . It is an important human-pathogenic virus, causing approximately 50,000 acute encephalitis cases annually in humans, 25 to 40% of whom will die, with up to 50% of the survivors left with severe residual neurological sequelae (44) . JEV has a single-stranded positive-sense RNA genome of approximately 11 kb, encoding a single large polyprotein, which is cleaved by the hostand virus-encoded proteases into three structural proteins, capsid (C), premembrane (PrM), and envelope (E), and seven nonstructural proteins. JEV E glycoprotein is the major structural protein exposed on the surface of the particle and is suggested to be engaged in viral attachment, penetration, and membrane fusion (41) . Although a number of cellular components, including glycosaminoglycans (GAGs) (86) , laminin (6) , and heat shock protein 70 (16) , have been shown to participate in JEV infection, the steps that follow the initial attachment of the virus to the candidate receptors are still poorly characterized.
Viruses can utilize several endocytic pathways to enter host cells: macropinocytosis/phagocytosis, clathrin-mediated endocytosis, caveola/cholesterol-dependent uptake, and clathrin-and caveola-independent endocytosis (69) . Recent studies have shown that some of these pathways differ only slightly from each other, and certain endocytic components can participate in more than just one pathway (32, 40, 68) . Most of the research carried out on flavivirus endocytosis has been done with WNV and DENV. For productive infection of HeLa and SK-N-MC cells, the functional entry of WNV is cholesterol dependent (43) , whereas in C6/36 cells, it uses clathrin-mediated endocytosis (12) . WNV enters Vero cells by a process that combines features of clathrin and cholesterol endocytosis (10, 42) . DENV-1 infection of Vero cells occurs through a classical clathrin-mediated dynamin-dependent endocytosis, while infection of the same cell line by DENV-2 takes place through a nonclassical endocytic pathway independent of clathrin and caveolin-1 but dependent on dynamin (2) . This entry route differs from the clathrin-mediated pathway for DENV-2 to infect A549 cells, C6/36 cells (1, 46) , HeLa cells (31) , and BS-C-1 cells (83) . In light of these examples, it is evident that the flavivirus internalization to the mammalian cell is a complex phenomenon wherein a virus of diverse strains may use different mechanisms to enter different cell types.
Upon receptor binding, enveloped viruses exploit two main pathways for internalization of the nucleocapsid into the cytoplasm: (i) membrane fusion at the cell surface (pH independent) or (ii) entry within intracellular vesicles after endocytosis (pH dependent). The conformational changes of the E glycoprotein triggered by the low-pH environment within endosomes during the membrane fusion process of flaviviruses have been studied extensively (47) . Recent studies have shown that uptake of JEV virions in C6/36, Vero, and Huh7 cells occurs through receptormediated, pH-dependent endocytosis (48, 49, 79) . Despite the general consensus about a pH requirement for viral fusion, the information about the precise intracellular pathways for JEV internalization is scanty and controversial. JEV is reported to be Plasmid pCAGC105E was generated for encoding of the PrM and E proteins of JEV strain AT31. The JEVpv was generated by a previously described method (79, 80) . First, recombinant VSVs were generated. BHK-21 cells expressing T7 RNA polymerase were transfected with 4 g of mixed plasmids encoding each component of VSV proteins (pBS-N, pBS-P, pBS-L, and pBS-G) and 2 g of green fluorescent protein (GFP)-expressing plasmid p⌬G-GFP using Lipofectamine 2000 (Invitrogen). After 48 h of incubation, the supernatants were inoculated into 293T cells that had been transfected with pCAGVSVG 24 h previously. Recovery of progeny virus was assessed by the appearance of cytopathic effects at 24 to 36 h postinfection. The VSV⌬G/GFP-*G recombinant viruses (VSVpv), in which the G gene was replaced with the GFP gene and was pseudotyped with the G protein, were collected. Second, 293T cells transiently expressing the PrM and E proteins of JEV by the transfection with pCAGC105E were infected with VSV⌬G/GFP-*G. The virus was adsorbed for 2 h at 37°C and then extensively washed four times with PBS. After 24 h of incubation at 37°C with 10% FBS-DMEM, the culture supernatants were centrifuged to remove cell debris and stored at Ϫ80°C. To determine the infectivity of JEVpv, infected cells were identified as GFP-positive cells under fluorescence microscopy or using flow cytometry and expressed as infectious units (IU)/milliliter.
Chemical inhibitors. Monolayers of B104 cells grown in 24-well plates were pretreated with the indicated concentrations of chloroquine, ammonium chloride, chlorpromazine, dynasore, filipin, methyl-␤-cyclodextrin (M␤CD), genistein, 5-ethyl-N-isopropyl amiloride (EIPA), wortmannin (all purchased from Sigma), or okadaic acid (Beyotime Biotechnology, Inc., Jiangsu, China) for 60 min at 37°C. Cell viability upon drug treatment was determined by the cell viability assay (see below). After the treatment, cells were infected with JEV (MOI, 0.1) for 1 h at 37°C and then washed with PBS, treated with proteinase K, and processed as described above. To further determine the entry pathways of the viruses, drugtreated cells were also inoculated with JEVpv and VSVpv.
To assess the effect of chloroquine and ammonium chloride on the pH of acid intracellular vesicles, B104 cells, treated or not with the compound for 1 h at 37°C, were stained with acridine orange (1 mg/ml in DMEM without serum) for 15 min at 37°C. The cells then were washed twice with PBS, mounted on PBS, and visualized on a Zeiss LSM-710 fluorescence microscope.
The function of chlorpromazine, dynasore, filipin, M␤CD, EIPA, and wortmannin was confirmed by the uptake of specific endocytic markers. Alexa Fluor 488 (AF 488)-conjugated transferrin (10 g/ml) (Molecular Probes) was used to control the function of chlorpromazine and dynasore, AF 555-conjugated cholera toxin B (CTB) (10 g/ml) (Molecular Probes) was used as a control for filipin and M␤CD, and Alexa Fluor 555 (AF 555)-conjugated dextran (200 g/ml; Molecular Probes) was used as a control for EIPA and wortmannin. B104 cells were incubated with the inhibitor for 1 h at 37°C, after which the marker was added. The incubation was continued for 30 min, the cells were fixed and stained with DAPI (4=,6-diamidino-2-phenylindole) (Roche), and the data were analyzed by confocal imaging.
Cholesterol quantification. B104 cells treated with 2.5, 5, 7.5, and 10 mM M␤CD were washed with PBS three times and then lysed in lysis buffer (1% Triton X-100, 25 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM MgCl 2 , 20 g/ml aprotinin, 10 g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Lysates were spun at 10,000 ϫ g for 5 min to remove debris, and cholesterol levels were quantitated using an Amplex Red cholesterol assay kit (Molecular Probes) according to the manufacturer's instructions. A standard curve using purified cholesterol was generated for each experiment and normalized to the number of cells.
Transfection of B104 cells. Plasmid constructs expressing GFPtagged wild-type (WT) and K44A dominant negative (DN) dynamin II were provided by Mark McNiven (Mayo Institute, Rochester, MN) (8) . The EPS 15 WT and DN (⌬95/295) constructs, both containing proteins fused to GFP, were kindly provided by A. Benmerah (INSERM, Paris, France) (5). The GFP-tagged constructs expressing wild-type caveolin-1 (GFP-cav-1 WT) and GFP-cav-1 DN mutants were kindly provided by J. M. Bergelson (University of Pennsylvania) (55) . Briefly, B104 cells were seeded onto 24-well tissue culture plates and grown overnight until 75% confluence. Next, 0.8 g of the plasmid construct was complexed with 50 l of Opti-MEM (Invitrogen) for 5 min at room temperature. The mixture was then added to 50 l of Opti-MEM containing 2 l of Lipofectamine 2000 (Invitrogen) that had undergone similar incubation conditions. After a further incubation period of 20 min, the DNA-liposome complexes were added to the cells, which had been starved in Opti-MEM for 4 h before transfection. After incubation for 6 h at 37°C, 1 ml of maintenance medium was added, and the mixture was incubated for a further 48 h before virus infection.
Immunofluorescence assays. B104 cells transfected with plasmids were infected with 0.1 MOI of JEV and incubated for 1 h at 37°C. At 24 h postinfection, cells were fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized with 0.1% Triton X-100. The cells then were stained with anti-JEV E mouse monoclonal antibody (a gift from The Fourth Military Medical University, Xi'an, China) at room temperature for 1 h. After being washed with PBS three times, the cells were reacted with AF 555-conjugated anti-mouse antibody (Invitrogen). Nuclei were stained with DAPI. The percentage of infection of GFP-expressing cells was calculated by scoring the number of cells positive for viral antigen from approximately 500 transfected cells with comparable levels of GFP expression.
Colocalization of JEV with endocytic markers. B104 cells seeded on coverslips were washed twice with PBS and incubated for 30 min at 4°C with specific endocytic markers (10 g/ml AF 555-conjugated CTB or 10 g/ml AF 555-conjugated transferrin) and JEV (MOI, 1). After attachment at 4°C, cells were transferred to 37°C for 1 h to allow the endocytosis of CTB, transferrin, and JEV. Cells were washed twice with PBS and then analyzed by immunofluorescence staining using anti-JEV E mouse monoclonal antibody and AF 488-labeled goat anti-mouse IgG. Nuclei were stained with DAPI. Internalization of CTB, transferrin, and the virus was analyzed by confocal microscopy with a 63ϫ objective (Zeiss).
To further study the pathway of JEV entry, virus attachment was permitted as described above and virus internalization was allowed at 37°C for 1 h. Cells were washed, fixed, and stained as described above with anti-JEV E antibody and anti-caveolin-1 antibody (Abcam), followed by fluorescent-labeled secondary antibodies. Nuclei were counterstained with DAPI. Cells were observed using a confocal fluorescence microscope. siRNA knockdown. Pooled validated siRNAs targeting vacuolar ATPase (VATPase) (catalog no. M-096966-00), dynamin II (catalog no. M-080140-00), clathrin heavy chain (catalog no. M-090659-00), caveolin-1 (catalog no. M-093600-00), and phosphatidylinositol 3-kinase (PI3K) (catalog no. M-095688-00) were purchased from Dharmacon. Nontargeting siRNA (catalog no. D-001206-13) was used as a negative control, whereas siGLO (Dharmacon) acted as a transfection marker. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. At 48 h posttransfection, cells were inoculated with JEV or JEVpv. Knockdown efficiencies were quantified by Western blot analysis.
Western blot analysis. Whole-cell lysates from siRNA-transfected B104 cells were generated by adding 2ϫ SDS-PAGE sample buffer to cells. Samples were boiled for 5 min and separated by SDS-PAGE. Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (BioRad). Membranes were blocked in 5% nonfat milk and incubated with primary antibodies, followed by horseradish peroxidase (HRP)-conjugated antibodies (Santa Cruz Biotechnology). The following antibodies were used: VATPase (Santa Cruz Biotechnology), clathrin heavy chain (BD Transduction Laboratories), caveolin-1 (Sigma), dynamin II (Abcam), PI3K (Cell Signaling Technology), and ␤-actin (Santa Cruz Biotechnology). Bound antibodies were detected with the ECL Plus enhanced chemiluminescence Western blotting detection reagents (PerkinElmer Life Sciences).
Cell viability. Cell viability upon siRNA transfection and drug treatments was assessed by employing the 3-(4, 5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) assay (Chemicon International) according to the manufacturer's recommendations. Briefly, B104 cells were seeded in 96-well cell culture plates and subsequently treated with individual siRNAs or drugs for 48 h and 1 h, respectively, before incubation with AB solution for 4 h at 37°C. After this, solution C containing isopropyl alcohol-HCl was added, and the plates were subjected to absorbance reading by an enzyme-linked immunosorbent assay (ELISA) plate reader (Bio-Rad) at a test wavelength of 570 nm and reference wavelength of 630 nm.
Statistics. Student's t test was used to determine statistical significance. All graphs represent means and standard deviations of normalized data points for triplicate samples from each of three independent experiments (n ϭ 9).
RESULTS
Kinetics and rate of JEV internalization. To define accurately the conditions of the viral internalization assay required for monitoring JEV entry under different treatments, we modified a proteinase K infectious assay published for DENV that determines the kinetics and rate of virus penetration by measuring productive internalized virus particles (2) . B104 cells were infected with JEV at 37°C. At the indicated time points after infection, proteinase K was added to remove adsorbed virus, whereas internalized virus remained protected inside the cell; after inactivation of the enzyme, suspensions of infected cells were plated on B104 cell monolayers to quantify infectious internalized particles by plaque formation. As a control, cells were incubated with PBS instead of proteinase K at the indicated times after infection, and a similar infectious center assay was performed to quantify total cell-associated virus (membrane-bound and internalized virions). The percentage of PFU resistant to proteinase K treatment in comparison with control PBS treatment was calculated for each time point. As shown in Fig. 1A , at the beginning of infection, most JEV particles were detached from cells by proteinase K. After 60 min of incubation, 95% of virus was resistant to proteinase K treatment in comparison to control treatment, indicating a successful internalization of infectious virions.
To directly measure the effectiveness of proteinase K treatment, the amount of bound virus was measured by determining the JEV genome copy numbers by quantitative RT-PCR (qRT-PCR). As shown in Fig. 1B , proteinase K treatment significantly affected the number of attached virions at the cell surface, suggesting that proteinase K treatment removes virus attached to the cells.
To separate adsorption and internalization processes, B104 cells were incubated with the virus at 4°C for 1 h to allow virus attachment and then shifted to 37°C to permit virus internalization. At different times after the shift, the amount of internalized virus particles was determined by proteinase K treatment and the infectious center assay as described above. The kinetics and rate of JEV internalization in these assay conditions were comparable to those obtained without 1 h of preincubation at 4°C (Fig. 1C) , suggesting the specific effect of proteinase K on virus internalization. Thus, the effect of inhibitors on virus internalization was measured by protease treatment and the infectious center assay after 1 h of JEV infection at 37°C.
JEV entry into rat neuroblastoma cells is dependent on acidic pH. To test whether JEV entry to B104 cells is pH dependent, we first evaluated the effect of two known inhibitors: chloroquine, an endosomal acidification inhibitor (72) , and ammonium chloride, a lysosomotropic weak base that immediately raises the pH of intracellular acidic vesicles (45) . Pretreatment of B104 cells with increasing concentrations of chloroquine ( Fig. 2A ) or ammonium chloride ( Fig. 2B ) revealed significant dose-dependent inhibition of JEV internalization. Possible drug-induced cytotoxic effects were assessed by MTT cell viability assays. Minimal cellular cytotoxicity was observed in drug-treated cells throughout the spectra of concentrations ( Fig. 2A and B) .
We utilized the pseudotype JEV (JEVpv) system to further test the involvement of acidic pH in the entry of JEV. Single-life-cycle JEVpv contains JEV E glycoprotein and has been used to address the molecular mechanisms of JEV entry into cells (79) . B104 cells were pretreated with various concentrations of the inhibitors described above, and then the cells were inoculated with JEVpv and pseudotype vesicular stomatitis virus (VSVpv). As expected, either chloroquine (Fig. 2C ) or ammonium chloride (Fig. 2D ) strongly inhibited the infectivity of VSVpv, which enters cells through pH-dependent endocytosis (77) . Similarly, infection with JEVpv was clearly inhibited by treatment with chloroquine ( Fig.  2C ) or ammonium chloride (Fig. 2D ) in a dose-dependent manner. To ensure that the inhibitors used effectively increased the pH of intracellular vesicles in B104 cells, acridine orange staining was performed. Untreated cells showed the typical cytoplasmatic orange fluorescence of the acid compartments, whereas cells treated with chloroquine and ammonium chloride did not exhibit this fluorescence pattern (Fig. 2E) .
Next, we examine the requirement of low pH for JEV entry by silencing the gene encoding vacuolar ATPase (VATPase), a proton pump key to establishing the low pH of endosomal compartments (50) . B104 cells were transfected with small interfering RNA (siRNA) targeting VATPase (siVATPase) or control siRNA and then challenged with JEV, JEVpv, or VSVpv. Treatment of B104 cells with siVATPase did not appear to exhibit a cytotoxic effect (Fig. 2F ). As shown in Fig. 2F , treatment of siVATPase drastically reduced the amount of internalized virus. Significant decreases in JEVpv and VSVpv infection were also observed in siVATPasetreated cells (Fig. 2G ), confirming the requirement for low pH in JEV entry into B104 cells. In addition, efficiency of siRNA-mediated knockdown of VATPase in B104 cells was analyzed by Western blot analysis (Fig. 2H ). Taken together, these data demonstrate that JEV enters rat neuroblastoma cells in a pH-dependent manner.
Clathrin is not required for JEV entry into rat neuroblastoma cells. Endosomal acidification is often linked to clathrinmediated endocytosis (56) . In addition, JEV has been shown to exploit the clathrin-mediated pathway to enter Vero cells (49) , Huh7 cells (79) , and mouse neural stem cells (17) . Therefore, the role of clathrin in JEV entry to rat neuroblastoma cells was determined using chlorpromazine, a pharmacologic inhibitor of clathrin lattice polymerization (84) . Cell viability of treated B104 cells was not significantly affected by 10, 20, 30, and 40 M chlorpromazine (Fig. 3A) . To test the efficacy of chlorpromazine in clathrin endocytosis, cells were subjected to 20 M chlorpromazine treatment and then a transferrin uptake assay was performed. As shown in Fig. 3C , a significant reduction in the signal intensity of fluorescently labeled transferrin was observed for chlorpromazine, indicating a block in transferrin uptake. The effect of chlorpromazine on JEV internalization was first assessed in the protease treatment and infectious center assay. Unexpectedly, chlorpromazine resulted in no inhibitory effect on JEV internalization (Fig.  3A) . To confirm these data, B104 cells were pretreated with chlorpromazine and then inoculated with JEVpv and VSVpv. VSV, a virus that is internalized through clathrin-mediated endocytosis (30) , was used as a positive control and showed significantly decreased infectivity by chlorpromazine pretreatment (Fig. 3B) . However, JEVpv infection was not affected by chlorpromazine at the tested concentrations (Fig. 3B) . These results suggested JEV entry to B104 cells is clathrin independent.
We next used wild-type (WT) and dominant-negative (DN) constructs of EPS 15, a required adaptor protein for clathrin-mediated endocytosis. EPS 15 directly links cargo proteins with the clathrin-coated pit adaptor protein 2 (AP-2) (5). Overexpression of the DN construct of EPS 15 selectively inhibits this process. B104 cells were transfected with plasmids expressing GFP alone, GFP-tagged WT EPS 15, or GFP-tagged DN EPS 15. After 48 h of transfection, cells were infected with JEV, and then the expression of E glycoprotein was measured by immunofluorescence. The number of cells expressing E protein was quantitated and normalized to the number of cells expressing GFP alone. We observed no significant change in the number of JEV E-expressing cells with the DN EPS 15 construct compared to the numbers with the WTtransfected or GFP-alone controls (Fig. 3D) . The functionality of the GFP-EPS 15 constructs was verified by studying their effects on the internalization of transferrin. As expected, expression of the dominant-negative protein, but not of the control, inhibited transferrin uptake (Fig. 3E) . These results further support the idea that clathrin did not play a role in JEV infection.
Furthermore, we assessed the role of clathrin during JEV entry by siRNA knockdown of clathrin heavy chain (CHC). B104 cells were transfected with a specific siRNA against CHC or a control siRNA and then infected with JEV, JEVpv, and VSVpv. No significant decrease in internalized JEV particles or JEVpv infectivity was observed in siCHC-transfected cells compared to control siRNA-transfected cells ( Fig. 3F and G) . In contrast, a dramatic decrease of VSVpv infectivity was observed in siCHC-transfected cells compared to siRNA control (siCtrl)-transfected cells (Fig.  3G) , which is consistent with a previous study that CHC knockdown significantly reduced VSV infection (76) . The effect of clathrin siRNA was assessed with AF 488-conjugated transferrin (Fig.  3H) . Depletion of CHC in B104 cells was confirmed by analyzing protein samples by immunoblotting (Fig. 3I) . Consequently, it is valid to conclude that JEV entry into rat neuroblastoma cells is independent of clathrin.
JEV endocytosis to rat neuroblastoma cells depends on dynamin. Dynamin is a GTPase essential for pinching off endosomes from the cytoplasma membrane (39) . Since dynamin II has been shown to be required for the internalization of numerous viruses, we analyzed its role in JEV entry. For this, we obtained dynasore, a cell-permeable, noncompetitive dynamin GTPase activity inhibitor (36) . B104 cells were pretreated with dynasore and infected with JEV, JEVpv, and VSVpv. Minimal cellular cytotoxicity was observed in dynasore-treated cells (Fig. 4A) . JEV internalization was significantly inhibited by dynasore pretreatment in a dose-dependent manner (Fig. 4A) . Similarly, more than 70% inhibition of JEVpv infectivity at 160 M dynasore was observed (Fig. 4B) . As a control, dynasore effectively blocked the VSV entry (Fig. 4B) , which requires dynamin II for its uptake via clathrinmediated endocytosis (76) . A significant reduction in the signal intensity of fluorescently labeled transferrin was observed for dynasore-treated cells compared to untreated cells (Fig. 4C) , indicating a block in transferrin uptake. The results with dynasore suggest that dynamin is needed for JEV endocytosis.
To further determine the role of dynamin during JEV entry, the effect of the dynamin II DN construct on viral antigen expression was tested. B104 cells were transfected with WT and DN constructs prior to infection, and virus-infected cells were quantitated by staining for JEV E protein. The expression of DN dynamin II K44A mutant resulted in approximately 75% inhibition of the number of JEV E-expressing cells, compared to the corresponding WT construct (Fig. 4D) . The functionality of the dynamin II constructs was proved by an assay of the transfer of incorporation in transfected cells. As expected, expression of the dominant-negative protein, but not of the control, inhibited transferrin uptake (Fig. 4E ). These results demonstrate that JEV infection requires dynamin II.
To confirm the findings above, we silenced dynamin II expression by siRNA treatment. B104 cells were transfected with a specific siRNA against dynamin II or a control siRNA, and then infected with JEV, JEVpv, and VSVpv. Depletion of dynamin II led to a significant decrease in JEV internalization and entry (Fig. 4F  and G) . Dynamin II siRNA did not cause obvious cell death (Fig.  4F) . The effectiveness of dynamin II depletion in B104 cells was controlled by Western blotting (Fig. 4H) . The effect of dynamin II siRNA was assessed with AF 488-conjugated transferrin (Fig. 4I) .
Together, these data demonstrate that JEV entry occurs through a dynamin-dependent endocytosis.
JEV enters rat neuroblastoma cells via a caveola-mediated endocytosis pathway. Dynamin was originally considered to participate in clathrin-dependent endocytosis only but has recently been implicated in several other endocytic pathways (18) . Another form of endocytosis that requires dynamin is caveola-mediated uptake. Membrane cholesterol is a prominent component of lipid rafts and is required for formation of caveolae. Depletion of cholesterol from the membrane with methyl-␤-cyclodextrin (M␤CD) or sequestration of cholesterol with filipin has been shown to impair caveola-mediated endocytosis (61, 67) . The effects of M␤CD or filipin on JEV entry were determined by viral internalization and pseudoparticle infection assays. When B104 cells were pretreated with increasing concentrations of filipin prior to infection, JEV entry was inhibited in a dose-dependent manner ( Fig. 5A and B) . Consistent with the results obtained with filipin, infection by JEV and JEVpv was significantly inhibited in cells pretreated with M␤CD ( Fig. 5C and D) . More than 75% inhibition at 10 mM M␤CD can be observed. Since high concentrations of M␤CD not only inhibit cholesterol-dependent mechanisms but can also affect clathrin-mediated endocytosis (82), we assessed the effect of 10 mM M␤CD on VSV endocytosis. As shown in Fig. 5D , pretreatment of 10 mM M␤CD did not reduce entry of VSV, a virus that uses cholesterol-independent clathrinmediated endocytosis to infect cells (76) . In order to determine whether M␤CD treatment depletes cellular cholesterol levels, we quantitated the amounts of cellular cholesterol before and after M␤CD treatment. The total intracellular pools of cholesterol were reduced by 60% in 10 mM M␤CD-treated B104 cells compared to those of untreated cells (Fig. 5E ). Cholera toxin B (CTB) enters cells by binding to its receptor gangliosides (GM1) in a caveoladependent manner, which shows a characteristic perinuclear vesicular accumulation (22, 38) . The internalization of fluorescently labeled CTB was shown to determine the effectiveness of MBCD and filipin. As shown in Fig. 5F , untreated cells allowed CTB uptake and showed a clear, dotted perinuclear cytoplasmic fluorescence, whereas cells treated with MBCD or filipin were impaired in internalization of CTB. These observations suggested that JEV entry was associated with the levels of membrane cholesterol.
Internalization of caveolae depends on specific signaling events (73), including activation of protein kinase C (43) and tyrosine phosphorylation (51, 57 ). Here, we tested the effects of genistein and okadaic acid on JEV entry. B104 cells were first pretreated with increasing concentrations of genistein, a specific tyrosine kinase inhibitor, and then infected with JEV or JEVpv. As shown in nistein also inhibited JEVpv infection in a dose-dependent manner (Fig. 6B) . Moreover, cells were pretreated with okadaic acid, a general inhibitor of serine and threonine phosphatases that is known to increase caveolar endocytosis and to inhibit the clathrin-mediated entry pathway (54, 81) . As shown in Fig. 6C , treatments with 0.1 and 0.2 M okadaic acid had no effect on JEV internalization, while 0.5 to 1 M okadaic acid significantly enhanced the uptake of JEV. Similarly, treatment of B104 cells with okadaic acid increased the infectivity of JEVpv (Fig. 6D) . As expected, VSVpv infection was inhibited by okadaic acid (Fig. 6D) . These results suggest JEV-induced transmembrane signaling is important for efficient virus entry into host cells.
Caveolins are essential for the formation and stability of caveolae. In the absence of caveolins, no caveolae are observed, and when caveolins are expressed in cells that lack caveolae, they induce caveola formation (21) . To block caveola-mediated endocytosis, we expressed a previously characterized DN caveolin-1 (DN Cav) in B104 cells (14) . Cells transfected with the DN Cav or WT Cav constructs were infected by JEV and then subjected to immunofluorescence. As shown in Fig. 7A , a significant decrease in the number of JEV E-expressing cells was observed in cells transfected with DN Cav compared to the WT Cav-transfected cells, suggesting the involvement of caveolin-1 in JEV infection. These results were confirmed by siRNA knockdown of caveolin-1. B104 cells were transfected with siRNA targeting caveolin-1 (siCav-1) or a control siRNA and then infected with JEV and JEVpv. Treatment of siCav-1 significantly reduced JEV internalization and entry into B104 cells compared to the control siRNA treatment (Fig. 7B and  C) . The silencing efficiency of the siCav-1 was analyzed by Western blotting (Fig. 7D) . These data strongly suggest the involvement of caveolin-1 for internalization of JEV virions.
We next examined the internalization of JEV and specific endocytic markers by B104 cells. JEV (MOI, 1) and 10 g/ml AF 555-conjugated CTB or AF 555-conjugated transferrin were permitted to bind to cells at 4°C for 30 min. The cells then were shifted to 37°C for 1 h to allow internalization, washed extensively, fixed, and analyzed by immunofluorescence microscopy using anti-JEV E antibodies. As shown in Fig. 8A , both JEV and CTB showed characteristic perinuclear staining, and colocalization of virus with CTB was also observed within this region. However, the clathrin-dependent endocytosis marker, transferrin, did not appear to overlap JEV inside the cell (Fig. 8B ).
To further demonstrate that JEV entry is mediated by caveolae, cells were incubated with JEV at 4°C to allow virus attachment and then shifted to 37°C for 1 h to allow internalization, after which the cells were subjected to fixation and immunofluorescence staining with antibodies specific for JEV E and caveolin-1. As shown in Fig. 8C , most of the internalized JEV particles colocalized with caveolin-1. Altogether, we can conclude that the infectious entry of JEV into rat neuroblastoma cells is dependent on caveola-mediated endocytosis. JEV entry into rat neuroblastoma cells is independent of macropinocytosis/phagocytosis. Dynamin II and cholesterol can play a role in macropinocytosis and phagocytosis (69) . Although neither macropinocytosis nor phagocytosis is frequently involved in flavivirus entry, they have been reported as an alternative means of access for some viruses in certain cells (3, 13, 37) . To address the importance of macropinocytosis/phagocytosis as an entry mechanism for JEV, we examined the effect of 5-ethyl-N-isopropyl amiloride (EIPA), an inhibitor of macropinocytosis that blocks Na ϩ /H ϩ exchange (85), on JEV internalization and JEVpv infection. Pretreatment of B104 cells with EIPA did not lead to a decrease in JEV entry (Fig. 9A and B) . Cell viability of treated cells was unaffected by EIPA at the concentrations used in these experiments (Fig. 9A) . Dextran was used to monitor the effect of EIPA. JEV (MOI, 1) and 10 g/ml AF 555-conjugated CTB (A) or 10 g/ml AF 555-conjugated transferrin (B). After attachment at 4°C, cells were transferred to 37°C for 1 h to allow the endocytosis of JEV, CTB, and transferrin. Cells were washed twice with PBS and then analyzed by immunofluorescence staining using anti-JEV E mouse monoclonal antibody (A, lower panels) or an isotype control (A, upper panels) and AF 488-labeled goat anti-mouse IgG. Nuclei were stained with DAPI. (C) Virus attachment was permitted as in panels A and B, and virus internalization was allowed at 37°C for 1 h. Cells were then washed, fixed, and stained with anti-JEV E antibody and anti-caveolin-1 antibody, followed by fluorescent-labeled secondary antibodies. Nuclei were counterstained with DAPI. Bars, 10 m.
As expected, EIPA totally blocked the internalization of dextran (Fig. 9D) . These results suggest minimal involvement of macropinocytosis/phagocytosis in JEV entry.
During the process of macropinocytosis/phagocytosis, a number of cell-type-dependent factors can be required-e.g., phosphatidylinositol 3-kinase (PI3K), Rac1, and Cdc42. To validate the findings presented above, we utilized wortmannin, an inhibitor of PI3K (35) . As shown in Fig. 9C , no inhibition was observed on JEV entry after treatment with the PI3K inhibitor. Wortmannin effectively blocked the internalization of dextran (Fig. 9D) . Consistent with the results obtained with wortmannin, JEV internalization was not inhibited in B104 cells transfected with siRNA against PI3K; instead, depletion of this macropinocytosis regulatory molecule seemed to enhance JEV entry (Fig. 9E) . Efficiency of siRNA-mediated knockdown of PI3K was controlled by immunoblotting (Fig. 9F) . In a word, our results suggest that the endocytosis of JEV to rat neuroblastoma cells is not dependent on macropinocytosis/phagocytosis.
JEV entry does not use clathrin-mediated endocytosis and macropinocytosis/phagocytosis as a minor route of productive infection. Overall, our data demonstrate a role for both dynamin and cholesterol or caveolin-1 during JEV entry. However, no pharmacologic treatment, expression of DN constructs, or siRNA treatment was able to decrease JEV entry or infection below 20%. This suggested that none of these inhibitors, DN constructs, or siRNAs can fully inhibit these processes or that the virus can productively enter the cell by more than one pathway. Many viruses are known to enter cells via multiple routes, such as echovirus 1 (EV1) (caveola-and dynamin-2-dependent pathways) (38) , influenza virus (both clathrin-dependent and clathrin-independent routes) (52, 70) , and DENV (clathrin-mediated endocytosis and macropinocytosis) (75) . To test the hypothesis that JEV enters B104 cells by more than one productive pathway, we tested combinations of inhibitors in the proteinase K assay. B104 cells were pretreated with combinations of 2.5 mM M␤CD and other inhibitors (chloroquine, chlorpromazine, dynasore, EIPA, and wortmannin) prior to JEV infection, and then the proteinase K infectious assay was performed as described above. Combination treatment of chlorpromazine and M␤CD did not significantly reduce viral entry compared to M␤CD-only treatment (Fig. 10A) , suggesting that clathrin-mediated endocytosis did not play a role in JEV infection. Further decrease of viral entry was observed by addition of dynasore and M␤CD or chloroquine and M␤CD compared to addition of M␤CD alone (Fig. 10A) . In addition, the combination of dynasore, chloroquine, and M␤CD treatment almost inhibited JEV internalization completely, suggesting the requirement of dynamin, caveolae, and an acidic environment for JEV entry into B104 cells (Fig. 10A) . Interestingly, a significant increase in viral entry was observed in M␤CD-and EIPA-or wortmannin-treated cells (Fig. 10A) . The infectivity data of JEVpv confirmed that clathrin-mediated endocytosis and phagocytosis/ macropinocytosis did not play minor roles during JEV entry into rat neuroblastoma cells (Fig. 10B) .
The endocytotic pathways utilized by JEV to enter rat neuroblastoma cells are not virus strain specific. To determine whether other JEV strains also use a clathrin-independent, caveola-dependent internalization route, using the infectious center assay we assessed the effect of the pharmacological inhibitors on the internalization of the wild-type virus SA14 belonging to genotype III (GenBank accession no. U14163.1) and an isolated JEV strain, SH-53, belonging to genotype I (GenBank accession no. AY55574). As shown in Fig. 11 , no inhibitory effect on the internalization of JEV strain SA14 and SH-53 was detected by chlorpromazine or EIPA treatment. However, M␤CD, chloroquine, and dynasore all resulted in a significant reduction in the internalization of different JEV genotypes (Fig. 11) . These results suggest that the atypical dynamin-dependent caveola-mediated pathway for JEV entry into B104 cells is virus strain independent.
DISCUSSION
Many viruses require the cellular mechanism of endocytosis to mediate their infectious entry into host cells. In this study, the data demonstrate that JEV uptake occurs within 1 h and that the infectious entry pathway of JEV into rat neuroblastoma cells requires both caveolae and dynamin. We also showed that JEV entry to B104 cells is neither clathrin nor macropinocytosis/phagocytosis dependent but involves endosomal acidification.
The internalization of flaviviruses was considered at acid pH, and the low-pH environment within endosomes triggers a series of molecular events of the flavivirus E glycoprotein leading to membrane fusion of the viral membrane with the endosomal membrane and subsequent release of the nucleocapsid into the cell cytosol (28) . Our results showed that JEV cell entry is sensitive to elevation of the pH in intracellular acidic compartments, as suggested by Tani et al. (79) . Traditionally, viral entry through caveolae is considered to occur in a pH-neutral setting, bypassing the acidic endosomal route (4, 59) . Besides the classical caveolacaveosome-endoplasmic reticulum uptake, a nonclassical endosomal structure that tests positive for calveolin-1 has been shown to deliver caveola-internalized cargo to the Golgi complex, an organelle with an acidic pH ranging from 6.0 to 6.7 (33) . Although few flaviviruses are reported to enter cells in this manner, an increasing number of enveloped viruses use a pH-dependent, cholesterol-dependent, and caveolin-1-sensitive endocytosis via caveolae, including Newcastle disease virus (7), tiger frog virus (27) , BK virus (19) , Ebola virus, and Marburg virus (66) .
Dynamin is a high-molecular-weight GTPase involved in the scission of nascent vesicles from parent membranes during endocytic events. It has been reported that dynamin is a central regulator of several types of endocytosis and is needed for the internalization of numerous viruses (27, 60, 62) . However, little is currently known about the participation of dynamin in the entry process of JEV. In the present study, the essential role of dynamin in the endocytosis of JEV was suggested. Although dynamin activity was initially thought to be specific to clathrin-mediated endocytosis (15), our data imply that dynamin plays an important role in JEV cell entry through caveola-mediated endocytosis but independent of clathrin. It appears to form a structural collar around the neck of caveolae that hydrolyzes GTP to mediate internalization via the fission of caveolae from the plasma membrane to form free transport vesicles (53) .
We investigated the role of alternative or minor routes of JEV entry by treatments with combinations of inhibitors. Treatment with M␤CD and dynasore together showed a significant decrease in the amount of JEV entry over M␤CD treatment alone, raising another possibility that the two compounds block two independent pathways, and, therefore, a larger reduction in internalized virus is seen. If one pathway is blocked, a small percentage of virions may enter through an alternative route; but if the alternative route is also inhibited, the overall capacity of the virus to infect the cell is further reduced. Interestingly, wortmannin significantly increased the amount of JEV entry. The enhancement of viral infectivity was observed even in the presence of both M␤CD and wortmannin. The possible explanation given here is that the phagocytosis/macropinocytosis pathway would be a noninfective route of entry for JEV in B104 cells, and, consequently, when it is blocked, there is an enhancement in the utilization by JEV virions of the infective nonphagocytosis/macropinocytosis pathway, leading to higher production of infectious virus.
To compare the routes of entry of JEV in other types of mammalian cells different from B104, the viral internalization of Vero and CHO cells in the presence of pharmacological inhibitors of endocytosis and specific siRNA for clathrin or caveolin-1 was also assayed. The results showed that except for B104 cells, entry of JEV into the other cell lines was dependent on clathrin but independent of caveolin (data not shown), which was consistent with the previous studies (49) . At present, the mechanistic basis of the differences in clathrin dependence for JEV entry to diverse host cells cannot be fully understood. The type of pathways exploited may be explained in terms of the use of different virus receptors (71) . The interactions between virus particles and their receptors at the cell surface determine the mechanisms of virus attachment, uptake, intracellular trafficking, and, ultimately, penetration to the cytosol. Although the exact receptor(s) on B104 cells is unknown, a number of cellular components, such as ␣ v ␤ 3 integrin in Vero cells (11) and low-density lipoprotein receptor (LDLR) in CHO cells (9) , have been shown to be involved in JEV infection. According to recent data, Sancey et al. found ␣ v ␤ 3 integrin to be rapidly internalized in clathrin-coated pits, thus, enhancing the uptake of arginine-glycine-aspartic acid (RGD)-containing peptides (65) . Similarly, LDLR had been earlier found to undergo endocytosis by a clathrin-dependent mechanism (23). Therefore, it is possible to hypothesize that the receptor(s) used by JEV for entry into B104 cells may be localized in or recruited to caveolae, thus initiating the caveola-mediated endocytosis.
Why are caveolae, but not clathrin, used as an entry port for neuroblastoma cells by JEV? It was recently demonstrated that endocytic transport and signal transduction are tightly coupled (58) . In general, signaling during endocytosis is compartmentalized (74) . This compartmentalization of signaling provides for a variety of cellular effects that viruses may take advantage of by choosing a particular endocytic pathway (69) . Although JEV can infect and replicate in a wide range of cells of different origins in vitro, it is neurotropic in vivo. Is the caveola-mediated endocytosis relevant for JEV's neurotropism? It is known that JEV causes neuronal cell death in two ways-direct neuronal killing (63) , wherein viral multiplication within neuronal cells leads to cell apoptosis or necrosis, and the indirect mode of killing (25) , wherein a massive inflammatory response causes upregulation of reactive oxygen species and cytokines, which in turn causes neuronal death. Both direct and indirect ways are mediated by specific kinases and related signal transductions (24) . For example, direct neuronal death caused by JEV can be mediated by the (TNF) receptor-associated death domain (TRADD) protein (78) , which thereupon regulates a downstream apoptotic cascade in neurons. It has been demonstrated that a TNF receptor-associated factor (TRAF), such as TRADD, can be regulated by caveolin-1 via direct association (20) . Furthermore, the Src/Ras/extracellular signalregulated kinase (ERK) signaling cascade, known to assemble on the caveolin scaffolds but not clathrin (29) , was recently demonstrated to be involved in JEV-induced proinflammatory cytokine expression, thus, causing neurotoxicity and indirect neuronal cell death (64) . Therefore, caveola-mediated endocytosis may be required for specific signaling events that govern the severity of JEV pathogenesis.
In conclusion, we conducted a systematic study to identify the internalization mechanism of JEV in rat neuroblastoma cells. The evidence presented here indicates that JEV entry into B104 cells occurs by a pH-dependent, dynamin-dependent, and caveolamediated endocytosis. Understanding the viral and cellular components involved in JEV invasion into the host cell, combined with a comprehension of the mechanisms that govern this process, should therefore open the possibility of developing new therapeutic approaches.
